The transmission dynamics of the cowpox virus infection have been quanti¢ed in two mixed populations of bank voles (Clethrionomys glareolus) and wood mice (Apodemus sylvaticus), through analyses of detailed time-series of the numbers of susceptible, infectious and newly infected individuals. The cowpox virus is a zoonosis which circulates in these rodent hosts and has been shown to have an adverse e¡ect on reproductive output. The transmission dynamics within species is best described as frequency dependent rather than density dependent, contrary to the`mass action' assumption of most previous studies, both theoretical and empirical. Estimation of a transmission coe¤cient for each species in each population also allows annual and seasonal variations in transmission dynamics to be investigated through an analysis of regression residuals. Transmission between host species is found to be negligible despite their close cohabitation. The consequences of this for the combining ability of hosts as zoonotic reservoirs, and for apparent competition between hosts, are discussed.
INTRODUCTION
The dynamics of pathogens in natural populations, especially of wildlife, and the role of pathogens in the dynamics of these populations, are now major foci of interest in ecology (De Leo & Dobson 1996; , having long been neglected (Grenfell & Dobson 1995) . Moreover, the role of such host populations as reservoirs of infection for domestic animals and/or zoonotic disease (disease transmissible to humans) is of great concern in medicine (Mills & Childs 1998) , especially following the emergence of`new' pathogens such as the hantaviruses (Niklasson et al. 1995) , and Borrelia burgdorferi, the causative agent of Lyme disease (Ostfeld 1997) . While recent progress in developing the theory of these interactions has been considerable, these theories largely lack related ¢eld data (Grenfell & Dobson 1995) . Furthermore, most theoretical and empirical studies have focused on one-host-one-pathogen systems, and most empirical studies have been of pathogen epidemics (Hone et al. 1992; Grenfell & Dobson 1995) , either of newly introduced pathogens such as myxoma virus, or within host populations otherwise not normally in contact with the pathogen, such as the phocine distemper virus epidemic of 1988 (Swinton et al. 1998 ). Yet most pathogens are endemic, circulate in more than one host species, and coexist with other pathogens. In seeking to redress these imbalances, we examine the dynamics of an endemic, zoonotic pathogen, the cowpox virus, in two natural, mixed populations of two reservoir hosts that can be adversely a¡ected by the virus: the bank vole (Clethrionomys glareolus) and the wood mouse (Apodemus sylvaticus).
Cowpox virus is an orthopoxvirus (and thus related to smallpox and vaccinia viruses), endemic in Europe (Baxby & Bennett 1994; Robinson & Kerr 1999) . Although natural infection and disease occur in domestic cats and, rarely, in man and cattle, the reservoir hosts are generally accepted to be wild rodents. In Great Britain, a high prevalence of cowpox virus antibody, and cowpox virus-speci¢c DNA detected by polymerase chain reaction (PCR), suggest bank voles, wood mice and ¢eld voles (Microtus agrestis) as reservoir hosts (Crouch et al. 1995; Bennett & Baxby 1996; Chantrey et al. 1999) . While the natural routes of cowpox virus transmission have not yet been con¢rmed experimentally, a variety of evidence from this and related orthopoxviruses indicates direct transmission between infectious and susceptible hosts (Robinson & Kerr 1999) . Little obvious disease has been reported for rodents either in the ¢eld or in the laboratory, but infection, under standard animal house conditions at least, has a marked negative e¡ect on reproductive rate in both bank voles and wood mice (Feore et al.1997) .
The speci¢c questions addressed here all concern pathogen transmission dynamics within the bank voleŵ ood mouse^cowpox virus system: transmission dynamics are the driving force underlying any interaction between host and pathogen populations. The questions are investigated through analyses of time-series of numbers of infected and susceptible hostsöan approach that has not apparently been possible with other systems. We ask ¢rst, within both species, whether the mode of transmission conventionally assumed, especially in modelling studies, is in fact appropriate. We then turn to a comparison of transmission rates within and between species. This is important, ¢rst, for the light it throws on whether coexisting wildlife hosts should be considered as joint or independent reservoirs of zoonotic infections, and second, because it allows an assessment of the strength of apparent competition' in a host^host^pathogen system to be made from ¢eld data, whereas previously this has largely been the subject of theoretical analysis (Holt & Pickering 1985; Begon & Bowers 1995; Greenman & Hudson 1997) . Finally, computing single transmission coe¤cients for each host from extended (three-year) time-series allows shorter-term (seasonal) and longerterm (annual) variations in cowpox virus transmission rates to be investigated by examining patterns of residuals around overall regressions.
MATERIAL AND METHODS

(a) An analytical framework
We wish to understand the dynamics of the cowpox virus infection in mixed populations of hosts, comprising bank voles and wood mice. To do so, we seek an explanation for the changing numbers of new infections in terms of the interactions between susceptible and infectious hosts. Our basic model, following the usual conventions of infectious disease epidemiology (Anderson & May 1992; De Jong et al. 1995; Begon & Bowers 1995; Begon et al. 1998 ) is as follows: , where I(t, t 1) refers to the number of new infections arising in the period (t, t + 1) in one of the host species, and each bracketed term on the right-hand side encapsulates an interaction between susceptible and infectious hosts.`Within-' and between-species' refer here to transmission within bank voles or wood mice or between the two.`Elsewhere', then, refers to the possibility of transmission from another host species or some other (unknown) source.
Broadly, two theoretical modes of infectious disease transmission have been proposed for each of the bracketed terms . In`density-dependent' transmission (also called`pseudo mass action') susceptible hosts are assumed to contact other hosts throughout the whole of their population`at random', such that the number of these contacts rises in proportion to the size of the population. (In the past, this has also often been called simply`mass action', without either`pseudo' or true' (see below) as quali¢ers ; this is potentially misleading.) Such transmission has typically been assumed for infections, like cowpox, transmitted directly by`homogeneous mixing' (i.e. not, for example, by sexual transmission). Here, the ¢rst two transmission terms in the model above would, for new bank vole infections, take the form H VV S V (t)I V (t) and H MV S V (t)I M (t), where S(t) is the average number of susceptible, uninfected individuals over the period (t, t + 1), I(t) is the average number of infectious individuals over that period, the subscripts V and M refer to bank voles and wood mice, respectively, and H VV and H MV are within-and between-species transmission coe¤cients (Holt & Pickering 1985; Begon & Bowers 1995; Greenman & Hudson 1997) . Corresponding terms are readily deduced for new wood mouse infections.
The alternative is`frequency-dependent' transmission (also called`true mass action' or`proportionate mixing'), where susceptible hosts are assumed to make a ¢xed number of contacts with other hosts, independent of the size of the population, such that the corresponding transmission terms are b VV S V (t)I V (t)/N V (t) and b MV S V (t)I M (t)/N M (t), where N(t) refers to the average total population size over the period (t, t + 1), and the prime has been deleted from the transmission coe¤cients to indicate that they di¡er between the two modes of transmission: in frequency-dependent transmission, the coe¤cients are dimensionless, whereas in density-dependent transmission they are of the form (numbers)
À1
. Frequency-dependent transmission has mostly been associated with sexually transmitted diseases but has recently been suggested as having more widespread relevance .
In seeking to understand cowpox virus dynamics, we require the most parsimonious form of our model with the greatest explanatory power (that is, the most appropriate terms in each of the brackets), placing particular emphasis on consistency between the populations in attributing biological signi¢cance to results.
(b) Data
The data reported here were obtained from two ¢eld sites in north-west England: Manor Wood and Rake Hey. Both are 1 ha plots in much larger areas of mixed woodland, supporting large populations of bank voles and wood mice plus the occasional ¢eld vole. Each was sampled every four weeks for more than three years from March^April 1995. When ¢rst captured all animals were given an electronic tag that allowed their individual recognition on recapture. At each sample, blood was taken from the tip of the tail, which allowed the detection of antibodies to cowpox virus. Hence, each individual at each sample could be characterized as either antibody-negative (`seronegative', denoted by`7'), seropositive (denoted by`+ '), or not caught in that sample (denoted by`0'), and individuals were represented in the data set by a sequence of such symbols over time. Zeros both preceded and followed by a`7' or a`+ ', were converted to a`7' or a`+ ', respectively.
We de¢ne a`seroconverter' as either (i) a recaptured seropositive animal which was seronegative in the previous sample, or (ii) a seropositive animal caught for the ¢rst time, which is young (low body weight) and therefore likely to have seroconverted in the previous six weeks, rather than being an adult immigrant that may have seroconverted at any time in the past. As explained fully elsewhere (Begon et al. 1998) , the changing numbers of seroconverters in the populations can be interpreted in the light of the observation that infected animals remain infected (and therefore, to some degree, infectious) for approximately four weeks and seroconversion occurs approximately halfway through this period. This allowed the number of new infections, I(t, t + 1), the average number of susceptible hosts, S(t), and the average number of infectious hosts, I(t), to be estimated for both species in both populations for each inter-sample period.
RESULTS
The general patterns of disease dynamicsöthe numbers of susceptible and infectious individualsöare shown for both species in both populations in ¢gure 1. The picture, super¢cially at least, is of these two closely coexisting host species exhibiting broadly parallel patterns of dynamics. The peaks of susceptible and infectious individuals coincide, each year, with the peak period of breeding from late summer to early winter, although the wood mouse peak in Manor Wood in the winter of 1995^1996 occurred substantially after the bank vole peak.
Turning to the analytical framework, we consider ¢rst whether density-or frequency-dependent transmission has greater explanatory power for the dynamics of cowpox virus infection. To do this, the regression of I(t, t + 1) on the appropriate within-species transmission term has been determined (through generalized linear models with Poisson errors and an identity link function) for each species in each population considered alone (i.e. conventionally, as a single host^pathogen system). This has been done assuming the relationship to pass through the origin (i.e. the host^pathogen system is selfcontained: in the absence of infectious individuals of that species, there can be no new infections), and also with an intercept to take account of between-species transmission (a signi¢cant intercept suggesting transmission from outside' the single host^pathogen system). (Note that error terms may be temporally correlated within sites, but that this should not present a serious problem as the purpose is model ¢tting rather than hypothesis testing.) In all cases, as measured by the scaled deviance remaining after a model has been ¢tted (table 1) , frequency-dependent transmission (bSI/N ) is clearly superior to density-dependent transmission as a descriptor of the transmission dynamics.
The analysis may now be extended to include both within-and between-species transmission (table 2). Frequency-dependent transmission has been assumed (but see below), and the multiple regression of I(t, t + 1) on the two transmission terms has been determined as before, both assuming the relationship to pass through the origin and with an intercept to take account of transmission from`elsewhere'. For wood mice, there is clearly no need to take account of transmission`from elsewhere' (table 2) .
Moreover, including vole-to-mouse transmission adds either negligibly (Manor Wood) or very little (Rake Hey) to the explanatory power of the model: the rate of transmission from bank voles to wood mice was apparently extremely low (0.0003 AE 0.06 and 70.03 AE 0.09, compared to 1.14 AE 0.17 and 1.33 AE 0.19 (AE s.e.) for within-woodmouse transmission).
For bank voles, too, between-species transmission rates were extremely low compared to those within the species (70.13 AE 0.24 and 70.03 AE 0.36, compared to 1.19 AE 0.19 and 1.37 AE 0.26 (AE s.e.)), and their inclusion adds little to the explanatory power of the model for either population. However, in this case, models for both populations are improved signi¢cantly by the inclusion of an intercept, suggesting strongly that there were more new infections in bank voles than could be accounted for by transmission either from infectious conspeci¢cs or infectious wood mice. (For both species, results of similar or less explanatory power were obtained assuming density-dependent transmission between species.)
The four optimal regression models in table 2 (two species in both of two populations) capture the overall pictures of cowpox virus transmission in each case. Examining the residuals around each regression may now reveal whether there were di¡erences in transmission rates between the three years of the time-series, or consistent seasonal di¡erences in transmission rates across years. Analysis of variance of the residuals was therefore carried out in each case, with`year' and`sample' (time within year) as factors. generalized linear model analysis) for the transmission dynamics of cowpox virus in bank voles and wood mice at two sites (Those for b 'SI and bSI/N refer to the transmission coe¤cients ( AE s.e.) for density-and frequency-dependent transmission, respectively, when each species is considered in isolation; those in the succeeding columns refer to the coe¤cients and the intercepts ( AE s.e.) when transmission other than from conspeci¢cs is assumed (encapsulated in the intercept).`dev' in each case refers to the residual deviances in the analyses (with residual degrees of freedom as a subscript), which may be used to compare di¡erent models within a row. F-values refer to a comparison with the ¢tting of a simple mean and can therefore only be calculated when an intercept is assumed and an additional degree of freedom used.) In both of these cases this was associated with low rates of transmission around September and perhaps April^May, and high rates around June^July (¢gure 2b,c).
DISCUSSION
Within the con¢nes of this study, these results indicate that the transmission e¤ciency of the cowpox virus is similar overall within wood mouse and bank vole populations. However, for both species it appears to be higher in the Rake Hey than in the Manor Wood population, which is most likely to be the result of habitat di¡erences promoting di¡erences in contact rates (a suggestion currently under investigation). Also, while wood mice at both sites are apparently una¡ected by transmission of the cowpox virus from any other species, bank voles at both sites, although una¡ected by transmission from wood mice, appear to become infected not solely through contact with conspeci¢cs. The intercept values (table 2) suggest that by this route there is roughly one new infection in a population every ten weeks, on average. One possible source is ¢eld voles. These were too rare in traps for an analysis of dynamics, but were always seropositive for the cowpox virus when captured, and bank voles and ¢eld voles, of the three species present, are the pair most likely to interact behaviourally (Corbet & Harris 1996) .
More generally, these results call into serious question the assumption that susceptible and infectious hosts mix at random and hence that transmission of the cowpox virus is`density dependent'. This is made conventionally both in theoretical studies of non-sexually transmitted diseases, and in the rare studies of infection in wildlife (Anderson & May 1992; Grenfell & Dobson 1995) . Here, by contrast, the analysis of each species in isolation (table 1) indicates that frequency-dependent transmission is a clearly superior descriptor (though does not of course indicate that transmission is, simply, frequency dependent); while the analysis of the species together indicates that between-species transmission is rare (table 2), in spite of them occupying not only the same general habitat but often, for example, sharing burrows. Recent results for farm animals (Moerman et al. 1993; De Jong & Kimman 1994; Bouma et al. 1995; De Jong et al. 1995) have cast doubt on the conventional assumption of density dependence, but the behaviour of such animals is severely constrained by human structuring of their environment. Frequency-dependent transmission has also been suggested as a likely mode of transmission in populations of domestic cats (Courchamp et al. 1995; Fromont et al. 1997) . The present results for free-living wildlife populations therefore go further in suggesting that, generally, Cowpox transmission in wild rodents M. Begon and others 1943 Proc. R. Soc. Lond. B (1999) (obtained by generalized linear model analysis) for the transmission dynamics of the cowpox virus within and between species in bank voles and wood mice at two sites, assuming frequency-dependent transmission (see table 1) (Estimates in the ¢rst data column refer to within-and between-species transmission coe¤cients ( s.e.) when the two species are considered in isolation; those in the next column refer to the coe¤cients and the intercepts ( s.e.) when transmission other than from these species is assumed (encapsulated in the intercept).`dev' in each case refers to the residual deviances in the analyses (with residual degrees of freedom as a subscript), which may be used to compare di¡erent models within a row; values in brackets refer to corresponding values for within-species transmission alone ( random mixing may have been too readily assumed as a basis for transmission dynamics, and that the dynamics of many other non-sexually transmitted diseases may re£ect detailed patterns and frequencies of contact between hosts, which may be independent of overall density. In brief, many diseases that are not sexually transmitted may nonetheless be socially transmitted, with essentially the same transmission dynamics. Furthermore, while a number of modelling studies have examined host^host^pathogen dynamics and their dependence on both within-and between-species transmission coe¤cients (Holt & Pickering 1985; Begon & Bowers 1995; Bowers & Turner 1997; Greenman & Hudson 1997 ), the present estimates of coe¤cients are the ¢rst to have been made from an analysis of ¢eld data. One of the insights from such models concerns the manner in which host species may be combined as a viable resource for support of a pathogen, in the sense of exceeding a critical threshold together when neither of them could support the pathogen alone. Understanding this combining ability is a particularly pressing need for systems in which wildlife populations act as reservoirs of infections that may also a¡ect man or domestic or endangered species. To take just one example, C. glareolus is the main reservoir for Puumula virus (a hantavirus) in Sweden and elsewhere, where Puumula virus causes nephropathia epidemica in humans (annual incidence reaching 20 per 100 000 in some areas), but the virus also circulates in several other rodent species of lower density and with lower antibody prevalence (Niklasson et al. 1995) . If the various species are e¡ectively independent reservoirs, then research e¡ort can focus on C. glareolus, and the remaining species more safely be ignored; whereas if the species represent a combined reservoir, then all should be considered together.
The present results indicate that for the cowpox virus at least, bank voles and wood mice do not`combine' to any signi¢cant extent: the between-species coe¤cients are too low. Each species acts as an e¡ectively independent reservoir: whether or not bank voles act as a reservoir for the cowpox virus is independent of wood mouse numbers, and similarly the other way round. Moreover, the more general messageöthat the importance of contact structure in wildlife disease transmission has been underestimated, and random mixing too readily assumedö suggests that similar conclusions may be appropriate for many other infections, zoonotic and otherwise.
Host^host^pathogen models have also helped raise the pro¢le of an ecological force that has received much recent attention called`apparent competition'öan interaction between two`prey' (in this case host) species, in which both su¡er as a result of their shared interaction with a common predator or pathogen (Holt & Lawton 1994; Bonsall & Hassell 1997; Hudson & Greenman 1998) . Here, though, while the potential for apparent competition between bank voles and wood mice mediated by the cowpox virus undoubtedly exists, since the virus depresses the birth rate of both host species (Feore et al. 1997) , it is likely to be insigni¢cant in practice because the pathogen is so rarely transmitted from one species to the other. This raises the intriguing possibility that a mature assessment of apparent competition may be reminiscent of that often reached for conventional interspeci¢c competition for resources (Begon et al. 1996) . That is, it is a process of clear potential importance as evidenced by the results of theory and of laboratory experiments, but one which may not always display that full potential in practice, in the ¢eld, especially for taxa where`transmission' is through social interaction (here, directly transmitted pathogens).
The year-to-year and seasonal variations in transmission rates suggested by the analysis of residuals are di¤-cult to interpret with con¢dence, but do emphasize the potential of this type of analysis for pinpointing fertile areas for the further study of transmission dynamics. The increased transmission rate in bank voles in the second year at Rake Hey (¢gure 2a) was associated with the highest vole densities at this site (¢gure 1a), and may be taken to support the idea that actual transmission dynamics combine elements of both frequency dependence and density dependence (Begon et al. 1998) . Against this, bank vole densities were higher at Manor Wood (¢gure 1c) but transmission rates were lower, though it is important to emphasize again that it is the contact rate that is important (which may increase with density but vary from site to site) rather than density per se. The seasonal variations in transmission rates among wood mice observed at both sites, with high transmission rates around June^July and low rates around September, and perhaps April^May, may re£ect the reported high levels of aggregation in early summer (among overwintered adults and especially juveniles when they ¢rst appear in the trappable population), with less aggregation both earlier (prior to the appearance of juveniles) and later (when the territorial adult females especially become less aggregated in their distribution) (Montgomery 1989) . Finally, while this study concerns a zoonotic infection circulating in wildlife populations which is of less medical importance than many that have received much recent publicity (Niklasson et al. 1995; Ostfeld 1997; Mills & Childs 1998 ), it does demonstrate that the dynamics of such infections are amenable to quanti¢cation and to being matched against the very largely untested assumptions and predictions of theoretical models.
